RNA-protein interactions play a pivotal role in the function of picornavirus internal ribosome entry site (IRES) elements. Here we analysed the impact of Ras GTPase SH3 domain binding protein 1 (G3BP1) in the IRES activity of foot-and-mouth disease virus (FMDV). We found that G3BP1 interacts directly with three distinct sequences of the IRES element using RNA electrophoretic mobility-shift assays. Analysis of the interaction with domain 5 indicated that the G3BP1 binding-site is placed at the single-stranded region although it allows large sequence heterogeneity and the hairpin located upstream of this region enhances retarded complex formation. In addition, G3BP1 interacts directly with the polypyrimidine tractbinding protein and the translation initiation factor 4B (eIF4B) through the C-terminal region. Moreover, G3BP1 is cleaved during FMDV infection yielding two fragments, Ct-G3BP1 and Nt-G3BP1. Both fragments inhibit cap-and IRES-dependent translation, but the Ct-G3BP1 fragment shows a stronger effect on IRES-dependent translation. Assembly of complexes with G3BP1 results in a significantly reduced local flexibility of the IRES element, consistent with the negative effect of this protein. Our results highlight the IRES-binding capacity of G3BP1 and illustrate its function as a translation inhibitor.
Introduction
RNA-binding proteins (RBPs) play a critical role in the regulation of gene expression, a feature that relies on their conformational plasticity and their capacity to interact with distinct targets [1, 2] . Ras GTPase SH3 domain binding protein 1 (G3BP1) belongs to a family of RBPs that links tyrosin/kinase receptors-mediated signalling and RNA metabolism [3] . G3BP1 is a conserved multifunctional protein, which comprises at the C-terminal region two RNA-binding motifs, the RNA recognition (RRM) and the arginine-glycine rich (RGG) motifs. G3BP1 is located in stress granules (SGs), and contributes to their assembly in conjunction with its partners G3BP2 and Caprin1 [4] . SGs are cytoplasmic aggregates containing stalled pre-initiation complexes, which are thought to serve as sites of mRNA storage during the cell stress response [5] . Cells lacking both G3BP1 and G3BP2 cannot form SGs in response to eukaryotic initiation factor 2a phosphorylation or eIF4A inhibition, but are SG-competent upon heat or osmotic stress. G3BP1 and G3BP2 interact with 40S ribosomal subunits through the RGG motif, which is also required for G3BP-mediated SG formation [6] .
G3BP1, in concert with G3BP2 and Caprin1, has been reported to be involved in distinct steps of virus multiplication cycle [7] [8] [9] . The functions reported for G3BP1 in the control of viral and cellular mRNA translation and RNA stability, in addition to regulation of cell signalling pathways [6, [10] [11] [12] [13] suggested to us that this factor could also modulate internal initiation of translation.
Initiation of translation in eukaryotic mRNAs depends on the m 7 GTP residue (or cap) located at the 5 0 end of most mRNAs. In this process, translation initiation factors (eIFs) recruit the small ribosome subunit to the 5 0 end of the mRNA [14] . However, some RNA viruses have evolved a cap-independent mechanism that allows evading inhibition of cap-dependent translation generally occurring in infected cells [15] . This mechanism of translation initiation, first characterized in the positive-strand genomic RNA of picornaviruses, is based on internal ribosome entry site (IRES) elements. Picornavirus IRES elements recruit the translation machinery internally with the help of IRES trans-acting factors (ITAFs) [16] . The vast majority of ITAFs are RBPs that regulate RNA life span and form part of macromolecular complexes that determine the fate of RNAs [17, 18] . Notwithstanding, given the diversity of strategies developed by viral IRES elements [15] and the growing number of RBPs presumably interacting with these RNA regions, ITAFs contributing to modulate IRES activity remain to be elucidated. Riboproteomic approaches conducted with two unrelated viral IRES elements, hepatitis C virus (HCV) and foot-and-mouth disease virus (FMDV), identified G3BP1 specifically associated to the FMDV IRES [19] . This result prompted us to analyse the potential role of this protein on translation control.
Here we show that G3BP1 interacts directly with three separate sequences of the FMDV IRES, reducing the RNA local flexibility of the IRES element. Moreover, this factor interferes with protein synthesis, affecting both IRES-dependent translation and capdependent translation. We also show that G3BP1 is cleaved in FMDV infected cells; although both fragments are capable of repressing translation, the C-terminal product exerts a stronger effect than the N-terminal fragment. Additionally, we have found that G3BP1 has the ability to associate with polypyrimidine tract-binding (PTB) and eIF4B through its C-terminal domain.
Results

G3BP1 protein binds directly to three regions of the IRES element
RNA-affinity chromatography studies identified G3BP1 as one of the factors associated to domain 5 of the FMDV IRES [19] . However, whether this association was the consequence of a direct or indirect RNAprotein interaction was unknown. A search for sequences partially matching the G3BP1 consensus binding-site identified earlier by SELEX [3] pointed to regions with a moderate sequence similarity located in domains 1-2, 3 and 5. Thus, to identify the binding site of G3BP1 within the IRES element, we generated three different transcripts corresponding to stem-loops termed 1-2, 3HH, and 5 (Fig. 1A) . These transcripts, which differ not only in nucleotide sequence but also in RNA secondary structure, were used as probes to perform gel-shift assays incubating radiolabelled RNAs with purified G3BP1 protein (Fig. 1B) . Using increasing concentrations of purified HIS-G3BP1 with probes d5, d3-HH, and d1-2, we found that the transcript d5 (encompassing nts 419-462) yielded a detectable retarded complex at 40 nM of HIS-G3BP1. In contrast, higher concentrations (70 nM) were needed to observe retarded complexes with transcripts 1-2 or d3-HH. Quantification of the retarded complexes readily indicated that the probe d5 yielded the highest capacity to form a retarded complex (Fig. 1C) . In addition, these data showed that the complex is stable as to be detected following native gel electrophoresis. As a control of the specificity of binding of G3BP1 we used an unrelated RNA 28 nt long predicted to fold as a short hairpin. This transcript did not show a detectable retarded complex (Fig. 1D) .
A single-stranded region provides the minimal landing pad for G3BP1 protein Domain 5 consists of a hairpin of nine base pairs, followed by a single-stranded region that includes a polypyrimidine-rich sequence ( Fig. 2A) . Analysis of the IRES sequence variability found in multiple isolates of FMDV indicated that the hairpin (nts 419-440) is conserved while the most 3 0 end region is highly variable except for the pyrimidine tract (nt 438-447), which shows high levels of conservation [20] . However, the capacity of the protein to form a retarded complex with the probe d5 L (nts 416-462, which is predicted to have a hairpin thermodynamically more stable than d5) was lower than d5 ( Fig. 2C,D ; compare to Fig. 1C) .
To further explore the features of the binding-site of G3BP1 within domain 5, and given the similarities of this transcript with the SELEX consensus sequence [3] (A C C C A/C U/C A/C C/G G C/A G/C), we set up to determine the involvement of specific residues of the single-stranded region using the mutant d5-U/A ( Fig. 2A) . This probe harbours a substitution of five Us within the pyrimidine tract to As. Noteworthy, the interaction of HIS-G3BP1 with probe d5-U/A was enhanced relative to d5 L (nts 416-462) (Fig. 2B,C) . To further dissect the residues responsible for the G3BP1 interaction we generated the mutant d5-CCUU/GAAG ( Fig. 2A) , bearing four consecutive pyrimidines within the pyrimidine-tract substituted to purines. This probe also showed an increased capacity to form a retarded complex with HIS-G3BP1 (Fig. 2B,C) . These results suggested that the single-stranded region placed at the 3 0 end of domain 5 was involved in the binding of this protein.
Next, we examined the influence of the hairpin of domain 5 in G3BP1-IRES interaction. Two different mutants disrupting the proximal or the apical base pairs of the hairpin (d5-base and d5-stem, respectively) slightly improved the interaction with G3BP1 relative to d5 L (Fig. 2B,C) , suggesting that a stable hairpin decreases the binding capacity of G3BP1. To further investigate the minimal region that could be recognized by this protein, domain 5 was split into its hairpin (d5-H, nts 419-438) and its single stranded (d5-ss, nts 438-462) regions. Gel-shift assays performed with these probes indicated that d5-ss provided the preferential binding site for HIS-G3BP1 (Fig. 2D ). In contrast, the probe d5-H only yielded a retarded complex at the highest concentration of the protein (Fig. 2D) .
We conclude that G3BP1 preferentially interacts with the single-stranded region of domain 5 within the IRES element, although the entire d5 is needed for optimal recognition by this protein. Hence, a singlestranded region in the context of domain 5 provides the minimal landing pad for this protein.
Assembly of G3BP1-IRES complexes reduces the IRES local flexibility
To obtain information about the G3BP1-IRES interaction using an independent approach, we performed a SHAPE footprint. This methodology allows the study of the local RNA flexibility of long RNA molecules assembled in ribonucleoprotein complexes [21] . Hence, to determine the effect of G3BP1 on the IRES local flexibility, a functional RNA containing the IRES element upstream of the luciferase (Luc) coding region was incubated with HIS-G3BP1 (300 nM) prior to RNA treatment using N-methylisatoic anhydride (NMIA) as SHAPE reagent. Primer extension analysis of the assembled complexes allowed monitoring SHAPE reactivity of the IRES region on G3BP1-RNA Gel-shift assays conducted with increasing amounts of purified His-G3BP1 and radiolabelled transcripts d5ss and d5H. The intensity of retarded complexes (%) obtained with probes d5, d5ss and d5H is represented as a function of the protein concentration in the assay. The intensity of the free probe measured in each experiment was set to 100%; values correspond to mean (AE SD) of three independent assays.
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The FEBS Journal 284 (2017) 3202-3217 ª 2017 Federation of European Biochemical Societies complexes compared to free RNA (Fig. 3A , see also dataset at figshare). In this assay, decreases in RNA reactivity observed in G3BP1 complexes relative to free RNA denote regions that report RNA-protein interactions or changes in RNA conformation induced by the RNA-protein interaction. As a control of this assay, we assembled IRES-eIF4B complexes since this factor also interacts with domain 5 [22, 23] . The interaction of G3BP1 with the IRES induced SHAPE reactivity changes in domains 2 and 5 (Fig. 3A , magenta line) relative to free RNA (Fig. 3A, blue line) . Interaction of eIF4B (300 nM) with the IRES element revealed a reactivity decrease in residues belonging to domains 2 and 5, as expected, while a few bases near the 3 0 end of the IRES became more reactive, as observed with G3BP1 (Fig. 3A) . Accordingly, subtraction of the reactivity observed in the free RNA to that obtained for IRES-protein complexes showed that incubation with G3BP1 induced statistically significant reactivity decreases (Difference > 0.2, P < 0.05) at regions that lie within domains 2 and 5 of the IRES element (blue bars in Fig. 3B ). Likewise, incubation of the IRES RNA with eIF4B showed wider and stronger significant reactivity decreases on domain 5, in addition to the basal region of domain 4, and residues 53-56 and 65-67 of domain 2 (blue bars in Fig. 3B ). These changes were accompanied by enhanced accessibility of residues located within domain 3, and some nts placed at the 3 0 end of the IRES (red bars in Fig. 3B) .
Representation of the statistically significant reactivity decreases or increases on the IRES secondary structure model showed differences upon incubation of the RNA with G3BP1 in nine independent experiments (Fig. 3C ), or eIF4B ( Fig. 3D ) (see dataset at figshare), suggesting changes on the local flexibility of the IRES structure in the presence of these proteins. Furthermore, the RNA structure models predicted by (A) SHAPE reactivity determined by primer extension analysis for the free IRES transcript or in complexes assembled with G3BP1 (300 nM), or eIF4B (300 nM). Values correspond to the mean SHAPE reactivity obtained in independent assays for domain 5 (nts 415-462) and domain 1-2 (nts 34-80). Magenta, green, and dark blue lines depict the mean SHAPE reactivity obtained for G3BP1 (nine assays), or eIF4B complexes (six assays), or for the free RNA (11 assays), respectively. (B) Statistically significant SHAPE differences (D > 0.2, P < 0.05) relative to the reactivity of the free RNA upon addition of purified HIS-G3BP1, or His-eIF4B. Grey bars denote nonstatistically significant differences. The location of the IRES domains is indicated below the nucleotide position. (C) Representation of the statistically significant differences rendering reduced (blue circles) or increased (red circles) flexibility on the IRES secondary structure upon incubation of the RNA with G3BP1, or eIF4B (D).
RNAstructure software imposing the SHAPE reactivity values indicated that incubation of the IRES with G3BP1 renders a slightly more stable RNA structure (DG = À464.2) compared to the free RNA (DG = À457.1), while incubation with eIF4B results in a more relaxed structure (DG = À453.2).
All together, these results lead us to conclude that G3BP1-IRES interaction induces structural changes on the IRES element partially overlapping with those observed with eIF4B. Although the effect of G3BP1 on RNA local flexibility seems to be weaker than that produced by eIF4B, it induces a stabilization of the IRES structure.
G3BP1 is cleaved in FMDV infected cells by the action of the 3C protease
Since various RBPs are cleaved in picornavirusinfected cells by virtue of proteases encoded in the viral genome [18, 24] we sought to analyse the status of G3BP1 during FMDV infection. To this end, cytoplasmic IBRS-2 cell extracts prepared at different times post-infection with FMDV were used to inspect the integrity of G3BP1. IBRS-2 is a swine cell line that encodes a readily detectable G3BP1 protein by western blot (Fig. 4A) . One stable cleavage product, p55, was observed 2 and 3 hpi, concomitant with a decrease of the full-length G3BP1 (p80) intensity. This result is consistent with the cleavage of G3BP1 during poliovirus infection [7] .
The FMDV genome encodes two proteases designated L and 3C. To test whether cleavage of G3BP1 was achieved by L or 3C proteases, we co-transfected a vector expressing human G3BP1 [11] with increasing amounts of plasmids expressing the proteases L [25] or 3C [26] in HEK293T cells. Expression of G3BP1 protein was readily observed in a western blot using a-G3BP1 antibody (Fig. 4B ). No change in the level of expression of G3BP1 was observed in cells expressing the L protease. In spite of the lack of effect on G3BP1, a direct evidence for the activity of this protease was provided by the cleavage of eIF4G1. Conversely, in the alternative experiment, the intensity of the G3BP1 product (p80) faded away as the amount of the cotransfected 3C plasmid increased (Fig. 4B) . However, the p55 product observed in IBRS-2 infected cells with the G3BP1 specific antibody was undetectable. We conclude that G3BP1 is a target of FMDV 3C pro G3BP1 interacts with eIF4B and PTB through its C-terminal region Based on the observation that G3BP1 copurified with domain 5 of the FMDV IRES [19] we focused our attention on the analysis of potential interactions of G3BP1 with other host factors, such as eIF4B and PTB. These proteins have been previously identified associated to this IRES region; hence, we decided to test the possibility that they could be associated with G3BP1 in a large RNP complex. For this, we used a GST-G3BP1 fusion (Fig. 5A ) to pull-down factors present in soluble extracts of HEK293 cells. Given that G3BP1 is a multifunctional protein involved in several RNA-dependent pathways, we also selected other proteins present in the cellular cytoplasmic lysate (eIF4GI, hnRNPA1, DHX9, Actin, and Tubulin) as controls of the pull-down assay. As shown in Fig. 5B , PTB, eIF4B, hnRNPA1 and DHX9 were associated to GST-G3BP1, whereas eIF4G1, Actin, and Tubulin failed to do so. Glutathione S-transferase (GST) alone, used as negative control, was not able to recruit any of the factors tested. To reinforce this result, and to determine whether or not the protein-protein interactions mentioned above were direct, GST-G3BP1 was used in a pull down assay with HIS-eIF4B, and HIS-PTB purified from bacteria. GST alone was used as negative control. The results indicated that both eIF4B and PTB showed a direct interaction with GST-G3BP1 (Fig. 5C ). Next, we prepared GST fusions corresponding to the G3BP1 N-terminal and C-terminal fragments (Fig. 5A ). As expected, none of these proteins showed binding to GST alone (Fig. 5D) . However, while GST-G3BP1-Ct retained the capacity to interact with both PTB and eIF4B, only the N-terminal fragment (GST-G3BP1-Nt) showed a very weak binding to eIF4B (Fig. 5D) . These results allowed us to conclude that G3BP1 can establish direct interactions with two different IRESbinding proteins, eIF4B and PTB, through its C-terminal domain.
Both, the C-terminal and N-terminal regions of G3BP1 are responsible for the down-regulatory effect on translation
To further assess the effect of G3BP1 on translation HEK293 cells were cotransfected with the plasmid CMVpBIC, which contains the FMDV IRES, and Xpress-G3BP constructs. The construct CMVpBIC allows the synthesis of a single transcriptional unit in mammalian cells (Fig. 6A) . In this bicistronic RNA, expression of chloramphenicol acetyl transferase (CAT) reflects cap-dependent translation, and expression of Firefly Luc reflects IRES-dependent translation. Expression of Xpress-G3BP1 was monitored by western blot using anti-Xpress antibody and the endogenous protein was detected with the anti-G3BP1 antibody (Fig. 6A) . Monitoring the activity of the proteins CAT and Luc from the bicistronic RNA readily indicated a repressor effect on both, cap-dependent and IRES-dependent expression, which was dosedependent (Fig. 6A) . Nonetheless, the inhibitory effect on IRES-dependent expression was higher at elevated dosages of G3BP1 (P < 0.05 for 0.5-2 lg of Xpress-G3BP1).
Next, to determine the region of G3BP1 possibly involved in translation control, we generated constructs that allowed the expression of the N-terminal and the C-terminal Xpress-tagged polypeptides in mammalian cells. Immunoblotting using a-Xpress antibodies monitored polypeptide expression levels using increasing amounts of the transfected constructs (Fig. 6B,C) . These constructs were used in cotransfection assays to assess their capacity to modulate GST pull-down assay of proteins present in total cytoplasmic lysates. GST and GST-G3BP1 were used in each case with 40 lg of total protein. GST protein was used as negative control. Immunodetection of PTB, eIF4B, eIF4G, HnRNPA1, DHX9, Actin, or Tubulin was carried with specific antibodies using the same blot. The mobility of the molecular weight marker closest to the protein is indicated. (C) GST pull-down of purified PTB and eIF4B conducted with GST-G3BP1 (4 lg, green letters). Recombinant proteins HIS-eIF4B and HIS-PTB were immunodetected with specific a-PTB and a-eIF4B antibodies. (D) GST-pull down assays of eIF4B and PTB conducted with the GST-G3BP1-Nt (4 lg) or GST-G3BP1-Ct (4 lg) polypeptides. Assays were conducted at least three times.
translation by measuring the efficiency of protein synthesis of bicistronic constructs bearing the FMDV IRES between CAT and Luc reporter genes. Low amounts of Xpress-G3BP1, G3BP1-Nt or G3BP1-Ct (0.1 lg) led to slight but reproducible stimulation of IRES activity (Fig. 6A-C) . However, higher amounts of the G3BP1 N-terminal and the C-terminal products exerted a dosedependent negative effect on both 5 0 end-dependent translation and IRES-dependent translation (Fig. 6B,  C) . Notwithstanding, compared to the N-terminal fragment, both the full-length Xpress-G3BP1 and the C-terminal fragment induced a statistically significant (P < 0.05) inhibition of IRES-dependent translation. Thus, whereas both the N-terminal and C-terminal regions of G3BP1 harbour domains responsible for the translation repression activity of this RBP, the C-terminal fragment exerts a stronger negative effect on IRES-dependent activity than the N-terminal fragment.
To further test the translational regulatory capacity of the G3BP1 protein, we designed siRNAs to deplete G3BP1 in HEK293 cells. In comparison to a control siRNA, the amount of G3BP1 protein detected by WB was significantly reduced at 24 and 48 h post-transfection (Fig. 7) . Monitoring the expression levels of the reporter genes indicated that depletion of G3BP1 induced a moderate increase (about 1.75-fold) of IRES-dependent translation normalized to the levels of Luc observed in cells treated with the control siRNA. Moreover, G3BP1 depletion induced a 4.8-fold increase of cap-dependent translation initiation (Fig. 7) . Collectively, these results reinforce the conclusion that G3BP1 behaves as a negative regulator of translation.
Discussion
Here we show that G3BP1 interacts directly with the FMDV IRES element. By using a gel mobility-shift approach we have found that purified G3BP1 protein forms a retarded complex with three distinct subdomains of the FMDV IRES. Furthermore, mutational analysis confirmed the involvement of the singlestranded region of domain 5 in the recognition by the protein, and also that the proximal hairpin enhanced binding to the IRES RNA. Moreover, increasing the purine content of the single-stranded region or destabilizing the hairpin of domain 5 led to an increase of retarded complex formation, suggesting that the G3BP1 protein shows higher affinity for regions of unpaired nucleotides. These data were further reinforced by SHAPE footprint analysis, which showed statistically significant reactivity decrease on domains 2 and 5 coincident with unpaired residues. In addition, functional assays revealed that G3BP1 negatively regulates translation affecting both IRES-dependent and cap-dependent translation. We have found that G3BP1 interacts with two proteins known to stimulate IRESdependent translation, PTB and eIF4B, through its Cterminal region. Importantly, G3BP1 is cleaved by FMDV 3C protease during viral infection yielding two fragments, Ct-G3BP1 and Nt-G3BP1. While both fragments inhibit cap-and IRES-dependent translation initiation, the negative effect of the C-terminal fragment is stronger than the N-terminal, and similar to the full-length protein.
Even though G3BP1 has been reported to regulate different steps of the RNA metabolism, little is known about the RNA sequence recognized by this multifunctional protein. Consistent with the translation repressor effect of this protein, assembly of an IRES-G3BP1 complex produced significant reactivity decrease on domains 2 and 5, leading to a reduction of the IRES local flexibility. A reduced reactivity, although not statistically significant, was also observed in the apical region of domain 3. Comparison of the IRES sequences interacting with G3BP1 according to gel mobility-shift assays and those protected by SHAPE footprint with in vitro selected sequences by SELEX [3] predicts two potential sites in domain 5, both located within the single-stranded region (Fig. 8) . However, the sequence of domain 5 mutants showing an enhanced interaction with G3BP1 in gel-shift assays does not show a better match with the consensus sequence deduced by SELEX. On the other hand, the sequence of domain 2 resembling the SELEX consensus does not coincide with the SHAPE footprint. Collectively, these results suggested a large flexibility in the RNA recognition motif of this protein.
The ability of G3BP1 to mediate RNA-protein interactions, and thereby to control gene expression was reported in various experimental settings. For instance, a recent HITS-CLIP study showed that, in addition to noncoding sequences like 3 0 UTRs and long non-coding RNAs, binding of G3BP complex to transcripts retaining introns in mouse brain represses the expression of the metabotropic glutamate receptor 5 transcript by promoting the retention of an intron in Fig. 7 . Effect of G3BP1 silencing on protein synthesis. Western blot analysis of HEK293 cell extracts transfected with siRNA targeted to G3BP1 or a control siRNA with no target sequence in mammalian mRNAs analyzed 24 or 48 h post-transfection. Tubulin was used as loading control on the same blot. Horizontal slices of the full-length blot are shown for simplicity; lines on the left indicate the mobility of molecular weight markers. G3BP1-depleted cells were used to monitor IRES-and cap-dependent translation upon transfection with equal amounts of the bicistronic plasmid. Each experiment was repeated at least three times in duplicate wells. The effect on protein synthesis was calculated as the % of CAT and Luc values (grey bars) relative to the control siRNA (empty bars). Values represent the mean AE SD. An asterisk (P < 0.05) denotes statistically significant differences between cells treated with the sicontrol and the siG3BP1 RNA.
the immature transcript in the cerebellum [27] . We have shown that ectopic expression of the full-length protein Xpress-G3BP1 in HEK293 cells inhibits translation. In agreement with our findings, involvement of G3BP1 in translation control has been reported for cellular mRNAs [10, 11] . Although G3BP1 can associate with 40S ribosomal subunits [6] , the mechanism by which it inhibits translation remains unknown.
The involvement of G3BP1 in viral gene expression is widely documented, but the mechanisms involved appear to be rather different. For instance, while it has been reported to act as antiviral in poliovirus infected cells [7] , it has a proviral activity in Dengue virus [10] . In this case, the complex G3BP1-G3BP2-Caprin1 (required for the accumulation of interferon stimulated genes and for translation of PKR and IFIT mRNAs) interacts with the subgenomic sfRNA of Dengue virus inhibiting the antiviral activity of the complex, thereby facilitating viral replication. G3BP1 also regulates the efficiency of viral replication in HCV infected cells. G3BP1 interacts with the 5 0 end of the minus strand of HCV RNA and several non-structural proteins associated to replication complexes [28] . Both G3BP1 and Tia-1 are required for efficient HCV and RNA protein accumulation at early times of infection, and also for assembly and egress at late infection times. Consistent with these findings, HCV infection triggers PKR phosphorylation, thereby down-regulating synthesis of interferon-stimulated genes [29, 30] . Silencing of G3BP1 by RNA interference resulted in increased HIV-1 replication in primary T-cells and macrophages [31] . Since G3BP1 interacted with HIV-1 RNA in the cytoplasm, it was suggested that G3BP1 could capture HIV-1 RNA transcripts, interfering viral protein production and virus particle formation. A different situation is illustrated by alphaviruses, which utilize stress granule proteins (including G3BP) for the assembly of viral RNA complexes [32] . This process takes advantage of the intrinsically disordered domains of the viral nonstructural protein nsP3 [33] . Hence, it would not be surprising that other RNA viruses utilize the conformational flexibility of disordered domains of proteins in conjunction with the large conformational flexibility of RNAs for host factor recruitment.
G3BP1 is cleaved during FMDV infection yielding two fragments, p55 corresponding to N-terminal domain and an undetected fragment corresponding to the C-terminal region. Despite both polypeptides (G3BP1-Ct, which harbours RRM and RGG motifs, and G3BP1-Nt carrying the NTF2-like, acid-rich region and Prolin-rich motifs) inhibit translation, the negative effect of the C-terminal fragment is similar to the full-length protein and significantly stronger than the N-terminal fragment. G3BP1 is also cleaved by the 3C protease in cells infected with poliovirus or encephalomyocarditis virus [7, 34] . However, no signs of G3BP1 degradation was observed in cells expressing the L protein of Theiler's murine encephalomyelitis (TMEV) despite the fact that this protein inhibits stress granules assembly [32] . The genome of these picornaviruses harbours IRES elements with a similar requirement of factors than FMDV IRES [17] .
In spite of the lack of previous data regarding the interaction of G3BP1 with picornavirus IRES elements, it could be envisioned that G3BP1 could interact with these RNAs either directly or via protein-bridges, and thus modulate their expression. Indeed, the interaction of G3BP1 with PTB and eIF4B Fig. 8 . Comparison of the IRES sequences interacting with G3BP1 and the RNA-target consensus sequence obtained for G3BP by SELEX. The RNA-target consensus sequence of G3BP deduced by SELEX [3] is shown at the top (orange). Sequences of domain 5 and domain 2 predicted to match with the SELEX consensus sequence are highlighted by orange rectangles. The sequences of domain 5 mutants are coloured as in Fig. 2 . Sequences are shown in decreasing order of binding intensity to G3BP1 according to the gel shift assays. Blue circles depict nucleotides showing statistically significant differences in SHAPE reactivity for RNA-protein complexes relative to free RNA.
shown in our study reflects the multifunctional role of this protein. While PTB is involved in RNA splicing and IRES-dependent translation [35, 36] , eIF4B is a translation initiation factor implicated in both, capdependent and IRES-dependent translation [37] . Thus, we speculate that these interactions might reduce the availability of the proteins PTB and eIF4B for translation initiation. However, several hypotheses could be considered to explain the negative effect of G3BP1 on translation control. One could be the assembly of SGs in transfected cells expressing G3BP1. However, expression of the protein in cell-free systems, which are independent of SGs formation, negatively regulates translation as well. Moreover, the N-terminal domain exhibited a weak but negative effect, although it has been reported that SGs formation induced by the N-terminal domain is reduced compared to the fulllength G3BP1 or the C-terminal domain [4, 38] . Another possibility could be the already mentioned reduced availability of PTB and eIF4B, among other G3BP1-interacting factors. Alternatively, the negative effect could be the result of a reduced RNA flexibility, which may cause a less efficient initiation complex assembly.
In summary, our study provides novel data regarding the physical interaction of G3BP1 with a regulatory RNA element responsible for internal initiation of translation. In addition, G3BP1 is cleaved in FMDV infected cells by the action of the 3C protease yielding two fragments. G3BP1 interacts with two proteins known to stimulate IRES-dependent translation, PTB and eIF4B, through its C-terminal region. Interestingly, G3BP1 behaves as a negative regulator of translation. Assembly of an RNA complex with G3BP1 results in a significantly reduced local flexibility of the IRES element, consistent with the negative effect of this protein on IRES-dependent translation. Taken together, these results support a role of G3BP1 as a key player in the cellular response to viral infections.
Materials and methods
Constructs
Plasmids expressing the domains 1-2, and 5 of the FMDV IRES element as well as mutants d5-base, d5-stem, d5-U/A were described [22, 39] . Construct d5-CCUU/GAAG was performed by PCR using the primers Pyr/Pur and Gem3as (Table 1) with pGEM-d5 template using standard procedures. The construct expressing His-G3BP1 protein was generated inserting the SacI-PvuII restriction fragment from pQE-G3BP kindly provided by JM Cuezva [11] into pRSETA. pGEXK-G3BP, expressing GST-G3BP1 was generated by PCR using the oligonucleotides G3BP3 and G3BP2, ligated into pGEMT-easy. The HindIII-SmaI product was then inserted into pGEX-KG [40] . pGEXKGNtG3BP and pGEXKG-CtG3BP were similarly generated with oligonucleotides G3BP12 and G3BP13, or G3BP14 and G3BP15, respectively. pcDNA3-Xpress-G3BP, expressing the amino terminal Xpress-tagged G3BP1, was obtained by PCR with oligonucleotides G3BP21 and G3BP25, digested with BamHI-NotI and inserted into the pcDNA3-Xpress vector [39] . Plasmids pcDNA3-Xpress-NG3BP and pcDNA3-Xpress-CG3BP were generated by PCR using oligonucleotides G3BP21 and G3BP24, or G3BP23 and G3BP25, respectively, ligated to pGEMT-easy, and then inserted into pCDNA3-Xpress via BamHI-NotI. The sequence of all constructs was verified by sequencing (Macrogen Europe, Amsterdam, The Netherlands).
RNA synthesis
Transcription was performed for 1 h at 37°C using T7 RNA polymerase with linearized DNA in 40 mM Tris-HCl, 50 mM DTT, 0.5 mM rNTPs [41] . Domain 5 RNAs were generated from pGEM-d5 L , d5-base, d5-stem, d5-U/A, d5-CUUC/GAAG constructs linearized with XhoI. Monocistronic RNA (FMDV IRES -firefly Luc) and bicistronic RNA [CAT -FMDV IRES -firefly Luc] was produced as described [42] . When needed, transcripts were uniformly labelled using a 32 P-CTP (500 Ci/mmol) with 10 U of T7 RNA polymerase and 1 lg of linearized plasmid. RNA was extracted with phenol-chloroform, ethanol precipitated and resuspended in TE to a concentration of 0.04 pmolÁlL À1 . RNA integrity and mobility as a single band was examined in 6% acrylamide 7 M urea denaturing gel electrophoresis (Fig. 9A ).
Expression and purification of proteins
Escherichia coli BL21 transformed with plasmids expressing HIS-G3BP1, HIS-eIF4B [41] , or HIS-PTB [39] , were G3BP2  GGGAAGCTTTCACTGCCGTGG  G3BP3  GGGCCCGGGTATGGTGATGGAG  G3BP12  CGGCCCGGGTATGGTGATGGAG  G3BP13  GCCAAGCTTTCATTGCTCACCAGCCTC  G3BP14  GGGCCCGGGTATGGGTGACATTGAACC  G3BP15  GGCAAGCTTTCACTGCCGTGGCGC  G3BP21  TCATTGCTCACCAGCCTC  G3BP23  TCACTGCCGTGGCGC  G3BP24  GGATCCTATGGTGATGGAGAAG  G3BP25 GGATCCTGGTGACATTGAAC Pyr/Pur GGCCTCGAGCTCAGGGTCATTAATTGTA CTTCAAAGGTGC Gem3 TCTGTGGATAACCGTATTACCGCC Gem3as GGCGGTAATACGGTTATCCACAGA induced with IPTG 0.5 mM 2 h. Bacterial cell lysates were prepared in binding buffer (20 mM NaH 2 PO 4 , 500 mM NaCl, 20 mM Imidazole) and cell debris was eliminated by centrifugation at 16 000 g 30 min at 4°C twice. The lysate was loaded into His-GraviTrap columns (GE HealthCare, Little Chalfont, UK) and the recombinant protein was eluted using Imidazole 500 mM. The mobility of the eluted protein was visualized on coomassie blue stained gels, its identification was verified by immunoblotting (Fig. 9B) . The mobility of the protein as a doublet was in agreement with previous reports [6] . Proteins were dialyzed against phosphate buffer pH 6.8, 1 mM DTT, and stored at À20°C in 50% glycerol. E. coli Rossetta-gami (DE3) transformed with pGEXK-G3BP1 were grown at 30°C to reach an OD 600 = 0.5 prior to induce the expression with 0.5 mM IPTG 2 h. Bacterial cell lysates were incubated with glutathione sefarose resin (100 lL) (GE HealthCare), 45 min at 4°C in a rotating wheel. After three washings with PBS, 2 mM DTT, the protein bound to the resin was pelleted at 3000 rpm 2 min, and resuspended in glycerol (85%). GST protein was similarly obtained using E. coli BL21 transformed with pGEX-KG. P-labelled RNA and retarded complexes were detected by autoradiography of dried gels. The intensity of the retarded complex was normalized relative to the free probe, run in parallel. The intensity retained in the well was not taken into consideration in any case. Reported values are the average of results from three independent assays with standard errors. All calculations were performed with GRAPHPAD PRISM V5.0 software (La Jolla, CA, USA) assuming non-linear regression fit, specific binding, and one binding site.
RNA electrophoretic mobility shift assay
Infection and transfection assays
IBRS-2 and HEK293T cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% foetal bovine serum, respectively. FMDV was used for infection of IBRS-2 monolayers at a multiplicity of infection (MOI) of 10. After 1 h of adsorption, infection was left to progress to different time post-infection (pi) until the monolayer developed total cythopathic effect [44] .
HEK293T cells were transfected with plasmids expressing the FMDV proteases L (pLb) [25] , or 3C (pRSK-3CA10) [26] using lipofectamine TM (Invitrogen, Eugene, OR, USA). Cells were harvested 20 h post-transfection with lysis buffer. Cell debris was eliminated by centrifugation, and the soluble supernatant was kept at À70°C in sample buffer. The concentration of total protein in the sample was determined by the Bradford method.
siRNAs targeting G3BP1 mRNA (CAGGAAGACU UGAGGACAU) or a control sequence (control siRNA AUGUAUUGGCCUGUAUUAGUU) were purchased from Dharmacon (Lafayette, CO, USA). HEK293 cells grown to 70% confluent were treated with 60 nM siRNA using lipofectamine 2000 (Invitrogen) according to the manufacturer instructions. Cell lysates were prepared in 100 lL of lysis buffer. Similar results were obtained by using independent siRNA assays.
For immunodetection, equal amounts of total protein were resolved on SDS/polyacrylamide gels, and transferred to PVDF membranes (BioRad, Hercules, CA, USA). Membranes were probed with polyclonal a-DHX9 (1/2000) (Bethyl, Montgomery, TX, USA), a-eIF4GI (1/2000), a-Xpress (Invitrogen) (1 : 3000); a-hnRNPA1 (1/2000) (Immuquest, Seamer, UK), a-Tubulin (Sigma-Aldrich, St. Louis, MO, USA) (1 : 5000); monoclonal a-G3BP1 (1/750) (BD Bioscience, San Jose, CA, USA), a-PTB (1/1000) (ORI-GENE, Rockville, MD, USA), a-eIF4B (1/2000) (Novus, Manchester, UK), a-Actin (1/5000) (Sigma-Aldrich). Secondary HRP-conjugated antibodies (Thermo Fisher Scientific Inc., Piscataway, NJ, USA) (1 : 2000) were used according to the manufacturer instructions. The membranes were probed with a second antibody after stripping using Restore Western blot stripping buffer (Thermo Fisher Scientific) according to the instructions of the manufacturer.
G3BP1 expression in mammalian cells and IRES activity assays
BHK-21 cells grown to 70% confluent were transfected with plasmids expressing the desired G3BP1 polypeptides with, or without, CMVpBIC construct [45] using lipofectamine (Invitrogen). The total amount of DNA in the transfection mixture was balanced with empty vector, pcDNA3.1. Cell lysates were prepared 48 h later in 100 lL of lysis buffer and the protein concentration in the lysate was determined by Bradford assay. Equal amounts of total protein (80 lg) were loaded in SDS/PAGE to determine the efficiency of translation of the transfected G3BP1 polypeptide. Luc and CAT activity was determined in each lysate. Values represent the mean AE SD of three independent assays.
GST-pull down assay
The proteins of interest were prepared as GST-fusions as described [46] . For binding, the GST-fusion protein (4 lg) bound to the glutathione resin (GE HealthCare) was incubated with HIS-eIF4B (100, 200, 500 ng) or His-PTB proteins (100, 200 ng), in five volumes of binding buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 2 mM DTT, 2 mM MgCl 2 , 0.5% Igepal CA-630, 10% glycerol) 2 h at 4°C in a rotating wheel. Beads were pelleted at 3000 g 2 min at 4°C and washed three times with five volumes of binding buffer, rotating the reaction tube 5 min at 4°C. Finally, the beads were boiled in SDS-loading buffer and proteins resolved by SDS/PAGE. WB analysis was performed using a-eIF4B, a-PTB for G3BP1, or a-GST to detect the GSTfusion protein [40] . Independent pull-down assays were conducted at least three times.
RNA-protein footprinting
RNAs (2 pmol) were incubated at 95°C for 2 min and snap cooled on ice. Subsequently, RNA-protein complexes were assembled for 10 min at room temperature in folding buffer (100 mM HEPES pH 8.0, 6 mM MgCl 2 , 100 mM NaCl). Then, RNAs alone or incubated with the protein of interest, were treated with 6.5 mM NMIA [47] (Invitrogen) as SHAPE reagent, or DMSO (untreated RNA). For primer extension, equal amounts of NMIA-treated or untreated RNAs (0.5 pmol) were incubated with 2 pmol of the antisense 32 P-labelled primer, at 65°C for 5 min, 35°C for 5 min and then, chilled on ice for 2 min. Primer extension reactions were conducted in a final volume of 16 lL, containing reverse transcriptase (RT) buffer (50 mM Tris-HCl pH 8.3, 3 mM MgCl 2 , 75 mM KCl, 8 mM DTT) and 1 lM each dNTP. The mix was heated at 52°C for 1 min prior to addition of 100 U of Superscript III RT (Invitrogen) and incubated at 52°C for 30 min [42] . Following RNA template alkaline hydrolysis [38] , cDNAs were precipitated and fractionated in 6% acrylamide 7 M urea gels in parallel to a sequence ladder obtained with the same primer.
The primer extension products were visualized after autoradiography of the dried gels with intensifying screen. In all cases, formation of full-length product at the top of the gel was verified. The intensities of RT-stops were quantified by densitometry using QUANTITY ONE software (Bio-Rad, Hercules, CA, USA) in at least three independent experiments for each condition. Then, for each experiment, the reactivity values obtained for the untreated RNA (NMIA -) were subtracted from the NMIA-treated samples to compute the net reactivity. Quantitative SHAPE reactivity for individual data sets (see dataset at figshare) were normalized to a scale spanning 0 to 2, in which 0 indicates unreactive nucleotides and the average intensity at highly reactive nucleotides is set to 1.0. The normalization factor for each dataset was determined by excluding the most-reactive 2% of peak intensities, followed by calculating the average for the next 8% of peak intensities. All reactivity values were normalized to this average value to generate the corresponding SHAPE reactivity profiles [46] .
The optimal concentration of proteins for the SHAPE footprint was determined using increasing concentrations (0, 60, 300 and 550 nM for eIF4B, and 0, 60 and 300 for G3BP1). The concentrations of the proteins were chosen based on our previous experience [41] . In both cases, 60 mM of eIF4B and G3BP1 was not sufficient to generate statistically significant SHAPE reactivity decreases. No additional statistically significant differences in SHAPE reactivity were found between 300 and 550 nM eIF4B. Thus, RNA-protein complexes were assembled in the presence of 300 nM of HIS-eIF4B or HIS-G3BP.
To quantify the effect on the IRES RNA nucleotide flexibility induced by G3BP1 and eIF4B, SHAPE differences were calculated by subtracting the reactivity values of the free RNA to that obtained for the RNA-protein complexes. Increased reactivity or protected residues were reported as positive and negative values, respectively. Absolute differences in SHAPE reactivity ≥ 0.2 arbitrary units and P-values < 0.05 computed by the unpaired two-tail Student's t-test were considered to be statistically significant [41, 48, 49] .
Statistical analysis
Experimental data were analyzed using the unpaired twotail Student's t-test (GRAPHPAD PRISM V5.0 software).
